Abstract BRCAness breast tumors represent a group of sporadic tumors characterized by a reduction in BRCA1 gene expression. As BRCA1 is involved in double-strand breaks (DSBs) repair, dysfunctional BRCA pathway could make a tumor sensitive to DNA damaging drugs (e.g., platinum agents). Thus, accurately identifying BRCAness could contribute to therapeutic decision making in patients harboring these tumors. The purpose of this study was to identify if BRCAness tumors present a characteristic methylation profile and/or were related to specific clinicopathological features. BRCAness was measured by MLPA in 63 breast tumors; methylation status of 98 CpG sites within 84 cancer-related genes was analyzed by MS-MLPA. Protein and mRNA expressions of the selected genes were measured by quantitative real-time PCR and Western Blot. BRCAness was associated with younger age, higher nuclear pleomorfism, and triple-negative (TN) status. Epigenetically, we found that the strongest predictors for BRCAness tumors were the methylations of MLH1 and PAX5 plus the unmethylations of CCND2 and ID4. We determined that ID4 unmethylation correlated with the expression levels of both its mRNA and protein. We observed an inverse relation between the expressions of ID4 and BRCA1. To the best of our knowledge, this is the first report suggesting an epigenetic regulation of ID4 in BRCAness tumors. Our findings give new information of BRCAness etiology and encourage future studies on potential drug targets for BRCAness breast tumors.
Introduction
Breast cancer is the most frequent malignant disease and the leading cause of cancer death among women in both economically developed and developing countries. The incidence of breast cancer is increasing due to higher life expectancy, increased urbanization, and adoption of Western lifestyles [1] .
Breast cancer can be classified as sporadic when genetic changes occur in somatic cells over time or hereditary when the tumor is originated by germline mutations principally in BRCA1 or BRCA2 genes. Notably, only 5-10 % of all breast tumors are of hereditary origin. The accepted criteria to consider a breast cancer hereditary consist of: at least three breast and/or ovarian cancers in a family; two breast cancer cases in close relatives before age 50; and Ashkenazi Jewish ancestry with breast cancer particularly triple negative (TN) before age 60 [2] . BRCA1 gene is involved in several cellular processes such as DNA repair, transcriptional regulation, and chromatin remodeling, whereas BRCA2 is principally involved in DNA recombination and repair processes [3] . Women with BRCA1
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For sporadic breast tumors, it has been proposed that one-third of them present a reduction in the expression of BRCA1 without any mutation in this gene. The term BRCAness was initially suggested by Asworth et al. and defines phenotypic traits that some sporadic tumors share with hereditary BRCA cancers [3] . This BRCAness phenotype is associated with alterations in DNA repair pathways, presents higher histological grade, expresses EGFR, and is more likely to be estrogen receptor (ER) negative [7] . The mechanisms that cause this BRCAness phenotype could be methylation in BRCA1 promoter or alterations in genes involved in the BRCA pathway [8] . So, genetic and epigenetic mechanisms can create the BRCAness phenotype in sporadic breast cancers. Evidence is accumulating that silencing of BRCA genes, or dysfunction of other genes acting in similar biochemical pathways, might be important in the pathogenesis of a significant proportion of sporadic hereditary-like cancers [3] . Therefore, it is important to identify these genes and define their role in BRCAness etiology. BRCAness phenotype may resemble BRCA1-mutated tumors by a pattern of gains and losses of specific genomic regions. This can be assessed by different methodologies such as array Comparative Genomic Hybridization (aCGH) and MLPA.
Inhibitors of differentiation proteins 1, 2, 3, and 4 (ID1-4) are dominant negative regulators of the basic helix-loop helix (bHLH) family of transcription factors [9] . In human tumors, an increased expression of ID proteins has been associated with reversion to an embryonic-like state, with loss of differentiation, high rates of proliferation, migration, and neo-angiogenesis [10, 11] . In breast cancer there are apparently controversial findings regarding the role of ID4 in tumorigenesis. For instance, the hypermethylation of ID4 promoter is a frequent event in breast tumors and associated with an increased risk of lymph node metastasis [12] . ID4 increased expression, however, has been associated with the ability of breast cancer cells to exhibit anchorage-independent growth [13] . Therefore, it is important to accurately define the function ID4 in breast tumorigenesis.
In this current study, we determined BRCAness phenotype in 63 human Invasive Ductal breast Carcinomas (IDC) and analyzed the epigenetic profile of 98 CpG sites located in 84 cancer-related genes. Interestingly, our results reveal that BRCAness breast tumors are significantly associated with the unmethylation of ID4. In addition, we show that unmethylation of ID4 correlates with the expression levels of both its mRNA and protein. Furthermore, we report the existence of an inverse relation between the expressions of ID4 and BRCA1. These combined results demonstrate that ID4 is epigenetically regulated in the determination of BRCAness human breast tumors. Therefore, ID4 regulation may have implications regarding tumor biology, prognosis, and treatment.
Materials and methods

Patients and tumors
Eighty-eight women who had invasive ductal breast carcinomas were enrolled in this study. In 63 tumors, we evaluated BRCAness phenotype status and the remaining tumors were used to perform qRT-PCR experiments; methylation analysis was performed on the 88 tumors. Ethical approval was obtained from the Ethics Committee of the School of Medical Sciences, National University of Cuyo, Mendoza, Argentina. Patients signed an informed consent based on the scientific and ethical principles of the World Medical Association's Declaration of Helsinki. Patients were treated in the Gineco-Mamario Institute of Mendoza, Argentina.
BRCAness phenotype determination by Multiplex Ligation-dependent Probe Amplification assay (MLPA)
BRCAness was determined by MLPA analysis on DNA extracted from fresh tumors tissue. DNA was isolated using CTAB (Cetyltrimethyl Ammonium Bromide) as previously described [14, 15] . Classification of BRCAness phenotype was performed using the MLPA assay, probemix P376-B2 BRCA1ness according to manufacturer's recommendations (MRC-Holland, Amsterdam, the Netherlands) [16] . In brief, gains and losses of specific chromosome regions detected by aCGH assays were proposed as markers to distinguish between hereditary-BRCA1-mutated and sporadic breast tumors. The MLPA panel of involved genomic regions was denominated as ''BRCAS1-like classifier.'' Thirty-four of the most important regions of this classifier were included in the MLPA probemix [17] . Gains and losses were represented by changes in peak areas on an electropherogram after capillary electrophoresis and values from all the 34 target-specific probes were used for Prediction analysis for microarrays (PAM) which is a statistical technique that performs sample classification from gene expression data using shrunken centroids [16] . A gains-and-losses pattern was afterward established by R-based language analysis and a score was determined. Based on the concordance with previous aCGH determinations, the BRCAness positivity was established as follows: samples with a score C0.5 were classified as ''BRCAness-like,'' and below this score, a sample was classified as ''non BRCAness-like'' [16, 18] .
Methylation profiles determination by methyl specific-multiplex ligation-dependent probe amplification assay (MS-MLPA)
To assess the methylation status of 98 CpG sites located in 84 cancer-related genes, the MS-MLPA kits ME001, ME002, ME003, and ME011 were used on DNA obtained, as mentioned before, from 88 IDC and from the following cancer cell lines: MDA-MB231, MCF-7, K562, and HeLa. The MS-MLPA assays were performed basically according to manufacturer's recommendations (MRC-Holland, Amsterdam, the Netherlands (www.mrcholland.com) [19] , introducing subtle modifications [20] . A CpG site was considered to be methylated when the methylation dosage ratio between digested and undigested sample was superior to the cut-off threshold of 8 %. [14, 15, 21] . Afterward, DNA methylation data were dichotomized in unmethylated and methylated status.
Gene expression analyses by real-time polymerase chain reaction RNA was extracted from fresh tumors and from the human breast cancer cell lines MDA-MB231, MCF-7, K-562, and HeLa cell lines with Trizol Reagent (Life Technologies, USA). One hundred ng of cDNA was used to perform realtime PCR using specific primers for 32 cancer-related genes (Table 1) as previously described [21] .
ID4 expression analyses by Western blotting
Proteins were extracted from MDA-MB231, MCF-7, HeLa, and K-562 cell lines with Trizol Reagent (Life Technologies, USA) according to manufacturer's instruction, and quantification was performed using Bradford assay. Proteins were separated on 10 % Tris-glycine SDS gels, and Western blot assay was performed as previously described [9] using an anti-ID4 (AVIVA) primary antibody. Detection was performed with chemiluminescence (Thermo Scientific Pierce) on a Luminescent Image Analyzer LAS-4000 (Fujifilm, Tokyo, Japan). Quantification was carried out with ImageJ.
Statistical analyses
The association of BRCAness phenotype with clinical variables or methylation of CpG sites was assessed by fitting a multivariate linear regression model. The associations were considered statistically significant when p values were less than 0.05.
The association between relative gene expression values was performed by singular value decomposition (SVD) and total least squares-least squares (TLS-LS). SVD represents an appropriate tool for lineal models with fewer equations than unknowns (as in the analysis of ID4 gene expression with respect to the expression of 32 genes, Table 1 ), and TLS-LS was applied when performing regression analysis considering error in both variables. Because SVD and TLS-LS are statistical methods infrequently used in biomedical research, more specifications can be found in Supplemental Material ''S1.''
Multivariable linear regression models were carried out by using SPSS v17 software (SPSS Inc, Chicago, IL, USA). SVD and TLS-LS were performed using Matlab (MathWorks Ò ).
Results
BRCAness phenotype determination by MLPA
We determined BRCAness status in a cohort of 63 IDC by MLPA, which has been demonstrated to be robust in this determination and therefore supports its application to both clinical genetic testing and as a predictor of treatment benefit [16, 22] . The robustness of MLPA is based on its concordance with aCGH results performing equally well in identifying BRCAness. Since there is no gold standard for the determination of BRCAness, MLPA has shown to be a less complex method with high sensitivity, specificity, and reproducibility and is therefore proposed as a surrogate for aCGH. Our analysis revealed that 10 out of 63 patients had tumors with a BRCAness profile ( Table 2 ). The cut-off threshold to consider a tumor as BRCAness was established to 0.5. It is interesting to notice that all BRCAness tumors presented index above 0.6, a considerable distance from the threshold (Fig. 1) . To identify clinical characteristics associated with BRCAness tumors, we performed regression analyses using clinico-pathological variables as the covariates and BRCAness status as the outcome variable. The strongest predictor of BRCAness status was higher nuclear pleomorphism (r = 0.183, p = 0.0258), and there was a statistical tendency toward younger age (r = -0.315, p = 0.078) (both p values were adjusted with Bonferroni multiple testing correction). There was no significant difference between the groups of subjects when compared for axillar lymph node status (p = 0.37). Since TN tumors may present a BRCA defective pathway [17] , we sought to determine if TN tumors displayed the BRCAness phenotype. Our results show that, indeed, TN status was significantly associated with BRCAness phenotype. (p = 0.036). In summary, BRCAness tumors can be defined by higher nuclear pleomorfism and enhanced triple negativity.
Methylation profile of BRCAness tumors
To determine if BRCAness tumors present a characteristic methylation profile, we performed MS-MLPA analyses on 98 CpG sites in the 63 tumors. For the statistical analysis, we considered only CpG sites which were methylated in more than 10 % of the tumors, to decrease the influence unmethylation events. This selection of the 98 CpG sites initially being considered was reduced to a final number of 43 regions. Next, in a linear regression analysis, considering the 43 CpG sites as predictor variables and the BRCAness status as outcome variable, we determined that the strongest predictors for BRCAness tumors were the methylations of MLH1 at -383 nt before the transcription start site (TSS) and PAX5 (-236 nt before TSS) (Fig. 2a, b) plus the unmethylations of CCND2 (-1289 nt before TSS) and ID4 (-367 nt before TSS) (Fig. 2c, d ). Regression coefficients and standard errors of these four regions are summarized in Table 3 .
ID4 (-367nt to TSS) CpG site defines gene expression
Given that ID4 is a negative regulator of BRCA1 [13] and that the unmethylation of the ID4 CpG site -367 correlated with BRCAness tumors, we sought to analyze if this region had a role in the regulation of gene expression. To test this, we analyzed by MS-MLPA, the methylation status of two CpG sites in the ID4 promoter in MDA-MB231, MCF-7, K-562, and HeLa cell lines. The MS-MLPA ME003 panel contains 27 probes two of which hybridize at two different CpG sites in the ID4 promoter, one at -956 nt and the other one at -367 nt both relative to the TSS. This allowed us to analyze separately the methylation percentages of each site and correlate these results with mRNA and protein expression. We found that the levels of both mRNA and protein were impaired when the methylation percentage was higher or equal than 13 % in the -367 CpG site. In contrast, we found no association between methylation of the upstream -956 CpG site with gene expression. For instance, in the K-562 cell line, the methylation of -956 CpG site was 7 % and yet we found no evidence of protein or gene expression, and on the contrary, in MDA-MB231 cells, the methylation value was of 27 % and there was an increase in gene and protein expression. We hypothesize that the methylation of the site -367 affected gene expression, whereas the methylation of the CpG site -956 did not (Fig. 3) . Given that BRCAness tumors present the CpG -367 site unmethylated, and based on the observations that this site regulates gene expression, we can infer that BRCAness tumors express ID4.
ID4 expression is associated with BRCA1 and MGMT expression
Since ID proteins are associated with loss of differentiation, unrestricted proliferation, and neo-angiogenesis in diverse human cancers [23] , we sought to identify genes associated with ID4 expression. We performed qRT-PCR experiments in a different cohort of 25 breast cancer samples and determined the expression of 32 genes involved in tumorigenesis ( Table 1 ). The association between the expressions of ID4 and the 32 genes was evaluated by the SVD method. Using this approach, we determined that ID4 expression significantly associates with that of two other genes: BRCA1 and MGMT (Fig. 4a) . As this use of the SVD is equivalent to a principal component analysis (PCA) but, unlike the latter, applicable to underdetermined systems, we could observe (Fig. 4a) that the variances associated with BRCA1 and MGMT are more significant in explaining ID4 expression than the variances of other variables. Between these two genes, BRCA1 is the variable with greater statistical significance to predict the expression of ID4 (Fig. 4a , the highest point in the diagram). The remaining variables show little negligible statistical implication to ID4 expression.
To determine the association between the expressions of ID4 with BRCA1 and with MGMT separately, we performed a TLS-LS analysis, an association test that considers error in both variables. TLS-LS revealed an inverse association between ID4 and BRCA1 expression levels indicating that (Fig. 4b, c ). An inverse association between the expressions of ID4 and BRCA1 was also observed in MDA-MB231 and MCF-7 cell lines (Fig. 5) . We performed qRT-PCR analysis in both cell lines and determined that when the expression of ID4 is high, as in the case of MDA-MB231 cells, BRCA1 is expressed at low levels; an inverse behavior was seen in MCF-7 cells. It is important to mention that none of the cell lines presented BRCA1 methylation, an observation that suggests that the reduced BRCA1 expression could be due to the increased ID4 expression.
Discussion
The BRCAness phenotype was initially described to refer to phenotypic traits that some sporadic tumors share with BRCA hereditary tumors [3] . The mechanisms that originate this BRCAness phenotype in sporadic tumors rely on the dysfunction of BRCA1 pathway, which may be due to BRCA1 promoter methylation or genetic and/or epigenetic alterations in genes that affect directly or indirectly the BRCA pathway. At a cellular level, the BRCAness phenotype is characterized by defective homologous recombination. Consequently, patients who harbor BRCAness phenotype may benefit from DNA damaging agents, making therefore the determination of BRCAness phenotype an interesting predictive marker for treatment response.
The determination of the BRCAness phenotype can be performed by either array comparative genomic hybridization (aCGH) or MLPA [16, 17] . Between these methods, MLPA is more rapid and similarly robust in identifying BRCAness tumors and could be applied both for clinical genetic testing and as a predictor of treatment benefit [16, 22] . Our results reveal that 10 of the 63 tumors analyzed presented BRCAness phenotype. When crossed with clinico-pathological variables, we established that higher nuclear pleomorfism is a predictor for BRCAness in breast tumors. There also was a tendency toward younger age for this tumor phenotype. There is some controversy regarding the correlation between BRCAness and axillar lymph node status. In this regard, for instance, a report published by Foulkes et al. shows that patients with a BRCA1 mutated tumors do not have correlation with nodal status. On the contrary, Oonks et al. found that BRCAness tumors display a significantly higher number of patients without tumor positive lymph nodes [18] . When we analyzed nodal status among BRCAness and non-BRCAness tumors, we did not find significant difference between the two groups (p = 0.37). Even though BRCA1 mutated and BRCAness tumors are not the same, our observations are revealing that BRCAness tumors could behave as BRCA1 mutated tumors with regard to nodal involvement in line with Foulkes et al. observations. Several studies have hypothesized that BRCA1 inactivation might also have a role in sporadic TN breast cancers [24] [25] [26] . We show here that TN tumors were principally BRCAness-like (p = 0.036), suggesting that they may have an underlying homologous recombination (HR) defect and therefore may benefit from PARPi therapies, when classified as BRCAness.
We expected that BRCAness tumors would show a distinct methylation profile; our experiments revealed 4 cancer-related genes which had a differential methylation profile in BRCAness tumors ( Fig. 2a-d ; Table 3 ). The epigenetic dysregulation of these genes has been implicated in several tumor types, but to the best of our knowledge, they have not been previously associated with BRCAness phenotype. Even though BRCAness phenotype has been proposed to be in part explainable by the Promoter methylation of PAX5 seems to be an early event in breast tumorigenesis and high expression levels of CCND2 have been detected in ovarian tumors [28, 29] .
It is interesting to remark that neither BRCA1 nor BRCA2 was part of the BRCAness methylation profile, but instead the negative regulator of BRCA1, ID4, was significantly unmethylated in BRCAness tumors. The role of ID4 in breast tumors is debated, where both tumor suppressor and oncogenic functions for this gene have been proposed [12, 24, 30] . The observation that ID4 is significantly unmethylated in BRCAness tumors could be indicating that there may exist an epigenetic dysregulation of ID4 in these tumors favoring an oncogenic function for this gene.
We determined the methylation status of two CpG sites in the ID4 promoter, one at -956 nt and another at -367 nt. Only one of them (-367 nt) was associated with BRCAness phenotype and appeared to impact on the regulation of gene expression (Fig. 3) . The fact that the CpG site -956 is at a further distance from the TSS could suggest that this site does not affect gene expression. It has been shown that binding and transcriptional repression of methyl-CpG binding domain (MBD) proteins weakens as the distance between binding site and TSS increases [31] . But since the ID4 promoter has many CpG sites near the TSS, we consider that further research should be carried to accurately identify other CpG sites involved in ID4 gene expression, as these data will be important to make accurate experimental conclusions.
To enlighten the role of ID4 in breast tumorigenesis, we correlated the expression of ID4 with that of 32 tumor suppressor genes (Table 1) . Of the 32 genes analyzed, we find that only two of them show a significant correlation with ID4 expression: MGMT and BRCA1. The expression of these genes showed an inverse correlation, indicating that when ID4 expression augmented the expressions of MGMT and BRCA1 diminished. A high correlation between ID4 and MGMT expressions has been proposed in Glioblastomas (GBM). In GBM, ID4 diminished expression identifies a subgroup of patients with better prognosis due to inhibition of angiogenesis [32] . In line with this, the observation that TN tumors have enhanced angiogenesis may likely be due to higher expression levels of ID4. In addition, GBM patients showing MGMT methylation had significantly longer overall survival than patients whose tumors presented unmethylated MGMT [32] . Our group has previously shown that MGMT is significantly methylated and ID4 significantly unmethylated in TN breast tumors [14] . Thus, both, ID4 unmethylation and MGMT methylation, could explain enhanced angiogenesis and poor overall survival characteristics of TN breast cancer patients.
The correlation between ID4 and BRCA1 gene expressions was initially described by Berger et al., who demonstrated that ID4 down-regulated BRCA1 expression in vitro [13] . Roldan and colleagues also observed an inverse correlation between the mRNA expressions of BRCA1 and ID4 in sporadic breast cancer [33] . Some authors have hypothesized a regulatory loop between ID4 and BRCA1 that permits the correct cycling levels of expression of both genes during normal cell division, a mechanism that may become disfunctional in many breast cancers [33] [34] [35] [36] . Based on the data presented in this study, we propose that this regulatory loop between ID4 and BRCA1 may be regulated trough an epigenetic mechanism involving promoter methylation of ID4.
In conclusion, our experiments lead us to report for the first time that the unmethylation of ID4 is an epigenetic predictor of BRCAness phenotype in breast tumors. Our observations on 63 breast tumors are statistically solid, and we consider that future analyses should focalize on BRCAness tumors and/or cell lines, in order to better understand the role of ID4 in the phenotype regulation.
This knowledge is biomedically important because the accurate identification of BRCAness phenotype can have clinical implications, as patients with BRCA deficiency may benefit from cisplatin and PARPi therapies [37] . In this context, identifying a methylation profile that correlates with BRCAness status might eventually offer PARP inhibitors or DNA damaging agents to breast cancer patients, regardless of their BRCA mutation status.
